The establishment and growth of trees can be compromised by soil contamination which can reduce populations of key microbial symbionts. We describe the colonisation of grey alder (Alnus incana) by Frankia from 10 urban soils with varying degrees of organic and inorganic pollution. Principal components analysis (PCA) of soil chemical profiles showed a separation of remediated and unremediated soils. A. incana seedlings were used as trap plants to capture the microsymbiont from soil. After 6 months growth, nodulation was lowest on trees grown with the most contaminated soils. Plant biomass was positively correlated with root nodule biomass and negatively correlated with PAH concentration. DNA was isolated from nodules for the analysis of Frankia genetic diversity. The polymerase chain reaction (PCR) was used to amplify the 16S-23S intergenic spacer (IGS) of Frankia ribosomal DNA. PCR products were subject to restriction digestion yielding 10 restriction fragment length polymorphism (RFLP) types from 72 nodules analysed. Our results demonstrate that each soil supports a distinct nodulating Frankia community. Partial 16S sequencing placed most strains in Frankia clusters 1a and 1b, which are typically Alnus-infecting, but sequences from several nodules obtained from a gasworks soil belonged to cluster 3, normally associated with Elaeagnus. These results show for the first time that polluted soils can be an effective source of Alnus-infective Frankia. Inoculation with site-adapted Frankia under greenhouse conditions could thus be an appropriate strategy to increase the symbiotic capacity of A. incana and to improve its chances of survival and growth when planted on polluted soils.
Introduction
Frankia is a genus of nitrogen-fixing bacteria that forms root nodules in symbiosis with non-leguminous woody plants in 24 genera of angiosperms. The symbiosis is economically and ecologically important since these plants include valuable forest trees and are often pioneer species in nitrogen-deficient soils. Symbiosis with Frankia is thought to be crucial for survival of trees on degraded soils as bacterial nitrogen fixation is able to provide much of the N required for growth [1] . Alnus species are particularly useful for revegetation on contaminated land since they grow rapidly, tolerate poor soils, waterlogging and a wide pH range [2] . The ability of Alnus to grow in adverse soil conditions is likely to be enhanced by effective associations with site-adapted Frankia and possibly also endo-and ecto-mycorrhizal fungal symbionts. Pre-inoculation with Frankia can increase the chances of survival and establishment of young seedlings on polluted sites especially when levels of the microsymbiont in the soil are low [3] . However, selecting an appropriate Frankia genotype for inoculation must take into account its ability to survive and persist and to promote effective nodulation on the chosen host plant. In order to exploit the Alnus-Frankia symbiosis for remediation purposes a greater knowledge of the current reservoir of Frankia diversity within degraded soils is first required.
Earlier studies of Frankia diversity were hampered because the microsymbiont is slow-growing and difficult to culture. However, molecular approaches have allowed phylogenetic analyses and investigations of ecological diversity because Frankia DNA can be amplified from root nodules using the polymerase chain reaction (PCR), thus eliminating the requirement for strain isolation. Various genes have been targeted for the analysis of diversity at different taxonomic levels including the intergenic spacer (IGS) between nitrogenase genes NifH and NifD [4, 5] , NifD-K [6, 7] and glutamine synthetase [8] . The 16S-23S ribosomal IGS is the most variable region of the ribosomal operon [9, 10] and discrimination between closely related strains, often based on DNA directly isolated from root nodules, has previously been achieved using restriction fragment length polymorphism (RFLP) analysis of this region [5, 11, 12] . To infer phylogenetic relationships to other Frankia the more conserved 16S ribosomal gene is usually targeted. A 268 bp fragment at the 3 0 region of the gene has been used to elucidate relationships among cultured strains and to characterise uncultured strains directly from nodules [13] .
We used Alnus incana seedlings as trap plants to capture the symbionts from 10 urban soils from sites with different histories of industrial use and contamination. We were interested in the Frankia which would form effective nodules with A. incana under glasshouse conditions, as part of an inoculation strategy to prepare trees for outplanting on degraded land. Genetic diversity of nodulating Frankia was assessed by PCR-RFLP of the 16S-23S ribosomal spacer region. Partial 16S gene sequences were then used to infer phylogenetic relationships with other Frankia. Our objectives were: (i) to assess the genetic diversity of Alnus-infective Frankia in contaminated soils, (ii) to determine whether distinct taxa were associated with soils which were least favourable to growth. Strategies for improving A. incana growth on contaminated soils by increasing nodulation with Frankia are discussed.
Materials and methods

Trap culture set-up
Eight different soils were obtained from four urban post-industrial sites in the West Midlands conurbation of Wolverhampton. Soils were collected from two geographically distinct plots within each of the four sites (BGW, Bilston Gasworks; EPW, East Park Woodland; GKN, GKN Industrial site; PPG, Peascroft Park Grassland). An additional two soils were obtained from a gasworks site in Sheffield, South Yorkshire, UK (MGW; Meadowhall Gasworks). MGW1 was a homogeneous mixture of the most polluted material on site. MGW2 soil was sampled along a transect from a plot 20 m · 50 m. All 10 soil samples were collected to a depth of 15 cm and stored at 4°C for 6 months until required for planting. Soil samples were sieved through 1 cm mesh to remove rocks and debris. To reduce possible inhibition of tree growth by organic and inorganic pollutants, a growth medium of sand-Terra-Green TM (calcined attapulgite clay; OilDri UK Ltd, Wisbech, Cambridgeshire, UK) (60:40 v/v) was mixed with 10% v/v of each sieved soil. Six 2.4 l pots were filled with 1.5 l of each soil-sandTerra-Green TM mixture. A 0.5 l layer of sand-TerraGreen TM above and below the soil mixture acted as a buffer against possible soil pollutant transfer and minimised cross-contamination of micro-organisms. Three pots contained only the Terra-Green TM sand; these were used as controls for dry weight production and to check for contamination by local strains.
Pots were planted with 6-week-old Alnus incana (L.) Moench seedlings that had been germinated in sterilised sand and maintained in a growth chamber with a 18°C/ 16°C thermoperiod and a 12 h/12 h photoperiod. Seeds were derived from a single seedlot of Durham provenance (Forestry Enterprises, Surrey UK). Pots were arranged in three blocks of two replicates per block in a heated glasshouse and were re-randomised 3 times during the 6 month growth period (February 1999-August 1999). Half strength RorisonÕs nutrient solution [14] containing nitrogen but with phosphorus at 1/5 strength, was used to fertilise the trees when leaves showed signs of nutrient deficiency. Plants were watered with deionised water as required. Two trees died during the course of the experiment (BGW2 and EPW4) and were not replaced.
Soil characterisation
Soil pH was measured on freshly sieved samples to which just enough deionised water was added to create a saturated slurry. The slurry was left to rest for 30 min before recording the pH using a calibrated pH meter. Total heavy metal concentration was determined by Inductively Coupled Plasma Optical Emission Spectros-copy (ICP-OES, Jobin Yvon JY 38 Plus, Stanmore, Middlesex, UK), from at least three subsamples of airdried and ground sieved soil digested with aqua regia. Soil K, Ca and Mg were also determined by ICP-OES following extraction in ammonium acetate pH 7. Analysis for polyaromatic hydrocarbon (PAH) residues was performed on five subsamples of MGW2, one sample of MGW1 and three subsamples of each of the other soils. Soil samples were extracted with dichloromethane and analysed for PAHs by gas chromatography/mass spectrometry (GC/MS) using a Hewlett-Packard 5890 series II Plus gas chromatograph interfaced to a 5972A series Mass Selective Detector (MSD, Palo Alto, California, USA).
Plant and nodule measurements
Tree height was measured at 3 and 6 months. At the final harvest, plants were separated into roots, leaves and stems which were dried for 2 days at 80°C and weighed. Small subsamples of thoroughly mixed dried leaf material were ground for analysis of N concentrations.
Nodulation was quantified by counting and weighing all Frankia nodules harvested from each nodulated root system. Whole nodules or excised sections of large nodules were stored at À20°C for subsequent molecular analysis. Where more than 10 nodules were present on a single root system a subsample of nodules was selected randomly for storage.
Frankia DNA isolation
Total DNA was isolated from frozen nodule lobes using a modification of the cetyl trimethyl ammonium bromide (CTAB) method [15] . Nodules were ground in Potter glass homogenisers in liquid N 2 then incubated in 500 ll of CTAB buffer (1.4 M NaCl, 100 mM Tris-
for 1 h. Samples were extracted with phenol-chloroform-isoamyl alcohol (25:24:1) followed by chloroform-isoamyl alcohol (24:1). DNA was precipitated from the aqueous phase with isopropanol. The pellet was washed with 70% ethanol and air dried before resuspending in 50 ll deionised H 2 O. Samples were stored at À20°C until required for PCR.
16S-23S IGS PCR-RFLP
A Frankia-specific primer F16S (GTGGGACCGGC-GATTGGGAC), was designed to exclude plant root plastid DNA, and used with FGPL2054 0 [4] to amplify the 16S-23S IGS from nodule DNA. Amplifications were performed in 50 ll volume of 1· PCR buffer (BRL Life Technologies, Rockville, MD) including 1 ll of template DNA, 10 pmoles of each primer, 100 lM dNTPs, 2 mM MgCl 2 and 1 unit Taq DNA polymerase (BRL Life Technologies). PCR was performed for 30 cycles (94°C for 30 s, 55°C for 1 min, 72°C for 1.5 min) on a PTC-100 programmable thermal controller (MJ Research Inc, Watertown USA). Five microlitres of the amplification reactions were analysed by electrophoresis in TBE buffer on a 1% (w/v) agarose gel and visualised under UV light after staining with ethidium bromide. Five microlitres of each 16S-23S IGS PCR product was digested separately, according to the manufacturerÕs instructions (Promega, Madison, WI), with the restriction endonucleases HaeIII and MspI previously found to be most discriminating [11, 12] . Restriction fragments were separated on a 2% (w/v) agarose gel in 0.5· TBE buffer and visualised by staining with ethidium bromide. Fragments <100 bp were not considered for analysis.
Sequence analysis
Nodule template DNA from a representative of each IGS RFLP type was utilised in a PCR with primer FGPS849 or FGPS1146 [13] to amplify a 325 bp fragment of the 16S ribosomal RNA gene as above. PCR products were purified using CONCERT purification columns (BRL Life Technologies). Dye terminator cycle sequencing reactions were performed in both directions using PCR primers and were resolved on an ABI 377 automated sequencer according to the manufacturerÕs protocol (Applied Biosystems, Foster City, USA). Sequences from this study were edited using Lasergene SeqMan (DNAstar Inc.). CLUSTALX [16] was used for alignments and neighbour-joining phylogeny [17] . Partial 16S rRNA gene sequences have been submitted to the GenBank database with the Accession Nos. AY063129, AY063130, AY063131, AY063132, AY063133, AY063134.
Statistics
All statistical tests were performed using SPSS version 10. Mean values for plant and nodule measurements were compared with a one-way ANOVA and post hoc TukeyÕs hsd with the significance level set at p < 0.05. Biomass and PAH concentration were log transformed before regression analysis. Principal components analysis (PCA) was used to detect grouping patterns among soils.
Results
Soil characterisation
Chemical properties of soils collected from the different sites varied widely. For example, soil pH values ranged from 5.5 to 8.2 (Table 1) . PAH concentrations were high in gasworks soils (BGW and MGW), and exceeded the Interdepartmental Committee for the Redevelopment of Contaminated Land (ICRCL) threshold trigger concentrations for domestic gardens, allotments and play areas [18] . Total copper, zinc and lead levels were also highest in gasworks soils; cadmium was highest at the ex-industrial GKN site. All sites except PPG had soils which exceed the ICRCL threshold trigger concentrations [18] for at least one heavy metal and/or total PAHs (Table 1) . PCA ordination of soil pH and contaminants clearly separates the remediated sites (PPG and EPW) from the ex-industrial sites (GKN, BGW and MGW) along the first component, which accounts for 53% of the variance (Fig. 1) . Loading values suggest that heavy metals Cu, Zn and Pb are responsible for a large part of the variance in PC1. PC2 explains 21% of the variance and is contributed to by pH, PAH and Cd levels.
Plant growth
After 6 months growth in inoculated sand-TerraGreen TM , growth of A. incana varied according to the soil used as inoculum, and was best on the least contaminated soils (PPG and EPW). Trees grew poorly both in gasworks-derived soils (BGW and MGW), where they often displayed abnormal leaf morphology, and in the sand-Terra-Green TM control (Fig. 2) . Dry weight was strongly correlated to height (r 2 = 0.94) except that trees on gasworks soils (BGW and MGW) had less biomass than expected from their height. The leaf N contents of trees grown with most of the soils was 1.5-2.0% but those from MGW soil and control pots were significantly lower at <1% (results not shown).
Interactions between soil chemistry, plant growth and nodulation
The number and size of nodule lobes on A. incana root systems varied with soil type. The tallest trees (on PPG soils) had heavily nodulated root systems with many small nodules distributed evenly over the root system. In the other soils on which trees grew well (EPW, GKN), roots had fewer, larger nodules. Trees that grew poorly (on the gasworks soils) had very few nodules which were often large and situated on the main root crown near the soil surface. Several of the smaller trees had no nodules and control plants were nodule-free (Fig. 3 ). There was a positive relationship (r 2 = 0.77) between biomass of A. incana and nodule biomass of the root system. The strongest correlation between any individual soil factor and plant growth was a negative correlation between PAH concentration and plant biomass (r 2 = 0.77) suggesting that organic pollution was the major influence on growth of the trees. In addition there was a significant negative correlation between PC1 from the PCA of soil contaminants (reflecting Cu, Zn and Pb concentrations) and biomass of A. incana (0.48, p < 0.05).
PCR-RFLP analysis of Frankia
A single product of approximately 600 bp was obtained for most nodule templates amplified with the primers F16S and FGPL2054 0 , which target the spacer region between Frankia 16S and 23S ribosomal RNA genes. A total of 72 nodules, including at least one nodule from each nodulated root system, were classified by RFLP typing using the restriction enzymes HaeIII and MspI. Results for the replicate root systems grown in the same soil inoculum were combined (Table 2) . Five different restriction patterns consisting of 2-4 bands were obtained with HaeIII and seven with MspI, giving a total of 10 RFLP types. The dominant RFLP type AB (i.e. HaeIII pattern A, MspI pattern B) occurred in nodules from six of the 10 soil types and subdominant type BA occurred in five soil types. The greatest number of nodulating Frankia types, as measured by 16S-23S IGS-RFLP, was detected in soil from East Park woodland (EPW, 6 types) and the least diversity (1 type) was found in Peascroft Park grassland (PPG)soil.
Partial 16S rRNA gene sequence analysis of Frankia
Partial 16S ribosomal gene sequences were obtained from at least two nodules representing each of the most common IGS-RFLP types. RFLP types detected only once were not included in the sequence analysis. Sequences were aligned with representatives of the major Frankia types from the sequence databases in order to show relatedness. The majority of isolates from this study were placed within the broad Alnus-infective Frankia cluster 1 of Normand et al. [19] , (Fig. 4) . All sequenced nodule templates with the same IGS-RFLP type had identical 16S sequences. The partial 16S sequences obtained from nodule templates of RFLP pattern AD were identical to AVN17s [19] . Nodules producing IGS-RFLP patterns BC and BA had 16S sequences which were identical to the F. alni strain ACN14a [19] . Frankia from nodules of RFLP pattern AB occur on a separate branch in F. alni cluster 1b. The 16S partial sequence from nodules of RFLP pattern BE (found only at BGW2) was identical to that of Shepherdia isolate SCN10a from the Elaeagnus host group of Frankia strains [19] .
Discussion
This study represents the first report of diversity of nodulating Frankia in soils with heavy metal and organic pollutants. Surprisingly, Alnus-infective Frankia symbionts were found even in the most contaminated soils and effective isolates were abundant in the moderately polluted soils despite the absence of host plant species from the sites. Moreover, we observed distinct differences in both the genotype and the nodule biomass of Frankia acquired by A. incana from the 10 soils used as inoculum. The diversity of Frankia acquired by A. incana under trap culture conditions is unlikely to reflect the entire population of Frankia present in the soil. Other studies have used DNA extracted from total soil to detect presence of soil Frankia and concluded that only a fraction are likely to be infective on the chosen trap plant [20] .
The soils differed in physical and chemical attributes. This variation partially explained the differences in the abundance and diversity of Alnus-infective Frankia. Soil parameters also played a major role in determining the diversity of Frankia populations in a study of Gymnostoma-infective Frankia in New Caledonia [11] , and other studies have demonstrated a relationship between Frankia population and soil pH [21] , soil temperature [22] and moisture content [23] . However, Ritchie and Myrold [12] found elevation to be the only consistent environmental factor affecting diversity in Ceanothus nodules. The presence of other actinorhizal species may also influence the physiologically active Frankia population. However, a vegetation survey recorded no potentially actinorhizal plant species in any of the sites from which the soils were obtained; although members of the genus Frankia are known to survive and remain infective in soils that are devoid of host plants [20] . There was no relationship between the number of detected types of Frankia and plant response in this study. Trees grown with EPW soil, which had a diverse Frankia population, were the second largest in biomass after 6 months growth, but the largest trees were with PPG soil which had only a single type of nodulating Frankia. Equally, Bilston gasworks (BGW) soil inoculum produced very poor growth but contained four RFLP types. It is unlikely that differences in soil fertility produced Fig. 4 . Neighbour-joining tree of partial 16S rRNA gene sequences (coordinates 849-1146 of E. coli) from selected members of the genus Frankia using Geodermatophilus obscurus as an outgroup. Only bootstrap values above 70% are displayed. Scale bar indicates 0.01 substitutions/site. Accession Nos. for all sequences are shown in brackets. Sequences amplified from A. incana root nodules in this study are shown in bold followed by their 16S-23S IGS RFLP type in square brackets. For the origin of all other sequences refer to [19] . Clusters of Frankia correspond to strains that are associated preferentially with Alnus (1a and 1b), Dryas (2) and Elaeagnus (3), and are numbered according to Normand et al. [19] . some of the differences in plant growth, since the growth medium contained only 10% of site soil, trees received regular nutrient solution and controls grew less well than all inoculated plants.
The close relationship between plant biomass and nodulation suggests that the most important factor determining tree growth in this experiment was extent of nodulation, a conclusion confirmed by the fact that biomass of plants grown with the severely polluted soils as inoculum was never less than that of control plants grown on the pure sand-Terra-Green TM mixture. Nodule biomass, a good correlate of N 2 -fixing capacity [24] , was greatest in the least contaminated soils, suggesting that nodulation potential may be limited in the more polluted soils. Contamination is known to reduce the density of symbiotic organisms in the soil and in vitro studies have shown some Frankia strains are particularly sensitive to concentrations of heavy metals similar to levels found in our soils [25] .
Alnus-infective Frankia are the most diverse host group of Frankia strains, with four subgroups defined within the Alnus-infective cluster 1 [13] . Sequences from the three described nitrogen-fixing subgroups were detected in this study. In addition a sequence which is identical to a strain from the Elaeagnus-infective Frankia clade was detected from one of the most polluted sites, despite the absence of Elaeagnus host plants. This suggests that A. incana may be able to form symbioses outwith the usual Alnus-infective Frankia clades. This phenomenon of host promiscuity has not previously been reported in the field, but cross-inoculation studies using nodule suspensions and pure cultures have demonstrated the ability of Alnus glutinosa to become nodulated by Frankia strains in the Elaeagnaceae host infectivity group [26] . Additionally, root nodule suspensions from Elaeagnus and Myrica spp. have been shown to nodulate Alnus spp. [27] .
Inoculation of trees with Frankia can be an effective method of improving growth especially in soils with low inoculum potential [24] . The addition of Frankia inoculum directly to soil can also increase plant growth performance through the promotion of N 2 -fixation (although it is unclear whether this is due to nodulation or simply N 2 fixation by free-living bacteria) [28] . In any inoculation strategy it is important to consider the ability of the introduced symbionts to survive and persist in the soil. These conditions are more likely to be met by the selection of siteadapted isolates [29] .
Although we did not test individual isolates for their ability to promote tree growth in this study, it is known that Frankia effectiveness can vary between strains. Type AB was the only sequence detected from PPG pots where tree growth was greatest but it was next most common at BGW where tree growth was particularly poor. However, there was evidence that the most polluted sites had a distinctive Frankia community which may reflect strain adaptation to specific contaminants, especially those found only in gasworks soils. Type DF was only found in MGW soil where it formed two out of the only three nodules produced. Similarly, type BE (from the Elaeagnus-infective group) was unique to BGW2, where it formed three of the six nodules. A clear goal now is to isolate these site-adapted strains and to determine whether pre-inoculation can improve growth and survival of A. incana outplanted to polluted soils with low levels of effective Frankia.
